ABSTRACT III-V nanowire quantum dots (NWQDs) monolithically grown on silicon substrates, combining the advantages of both one-and zero-dimensional materials, represent one of the most promising technologies for integrating advanced III-V photonic technologies on a silicon microelectronics platform. However, there are great challenges in the fabrication of high-quality III-V NWQDs by a bottom-up approach, i.e., growth by the vapor-liquid-solid method, because of the potential contamination caused by external metal catalysts and the various types of interfacial defects introduced by self-catalyzed growth. Here, we report the defect-free self-catalyzed III-V NWQDs -GaAs quantum dots in GaAsP nanowires -on a silicon substrate with pure zinc blende structure for the first time. Well-resolved excitonic emission is observed with a narrow linewidth. These results pave the way toward on-chip III-V quantum information and photonic devices on silicon 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   3 Semiconductor nanowires by the vapor-liquid-solid (VLS) mechanism offer unique approaches to circumvent the problem of lattice mismatch in thin film heterostructures due to the efficient strain relaxation through the sidewalls and a small footprint 1 . The improved tolerance to lattice mismatch makes nanowires an attractive candidate for monolithically fabricating materials with different lattice constants. For instance, nanowires provide a promising alternative to monolithic integration of III-V materials on silicon substrates 2-5 , which has been pursued for the last few decades 6, 7 . In addition, heterojunctions made of materials with distinct different structural and thermal properties can potentially be grown both axially and radially in nanowires virtually free of defects. In this way, nanoscale heterostructures integrating silicon and III-V materials have been reported enriching the functionalities of nanowires [8] [9] [10] .
Semiconductor nanowires by the vapor-liquid-solid (VLS) mechanism offer unique approaches to circumvent the problem of lattice mismatch in thin film heterostructures due to the efficient strain relaxation through the sidewalls and a small footprint 1 . The improved tolerance to lattice mismatch makes nanowires an attractive candidate for monolithically fabricating materials with different lattice constants. For instance, nanowires provide a promising alternative to monolithic integration of III-V materials on silicon substrates [2] [3] [4] [5] , which has been pursued for the last few decades 6, 7 . In addition, heterojunctions made of materials with distinct different structural and thermal properties can potentially be grown both axially and radially in nanowires virtually free of defects. In this way, nanoscale heterostructures integrating silicon and III-V materials have been reported enriching the functionalities of nanowires [8] [9] [10] .
Due to a relaxation of lattice mismatch issues in nanowire structures, thin segments of a narrow band gap material produced in a high band gap nanowire will form nanowire quantum dots (NWQDs), which will open exciting opportunities for applications in emerging fields such as silicon photonics and quantum information [11] [12] [13] [14] [15] . Such NWQD structures can significantly boost the light-extraction efficiency to nearly unity and enhance the brightness by up to an order of magnitude higher than conventional quantum dots 12, [16] [17] [18] . In the last ten years, In(As,P)/InP [19] [20] [21] , (In,Ga)As/GaAs 22, 23 , CdSe/ZnSe 24 , and GaAs/AlGaAs 25 NWQDs have been reported on III-V substrates. Meanwhile, NWQDs, consisted of InAsP/InP 26 , Ga(As,P)/GaP [27] [28] [29] [30] , CdSe/ZnSe 31 , InGaN/(Al,Ga)N 15, 32, 33 , Ge(Si)/Si 34, 35 , and GaAs/AlGaAs 36 , have also been fabricated on Si substrates. Despite their relatively recent development, NWQDs have led to a number of significant achievements in quantum information and photonics, including high efficiency and room temperature single photon emitters 12, 24 , room temperature lasers 37 , and white LEDs 15 .
However, there are a number of problems intrinsic to NWQDs fabricated by the VLS method.
Firstly, foreign metal droplets, such as gold nanoparticles, are generally used to catalyze the nanowire growth. However, these catalysts tend to leave trace amounts behind and are considered 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 contaminants which are unsuitable for many applications [38] [39] [40] . Secondly, it is not a straightforward process to obtain abrupt interfaces in nanowire axial heterostructures using the VLS growth mode.
The fabrication of NWQDs involves switching nanowire composition back and forth, during which time it is challenging to maintain the stability of catalyst droplets without changing the interfacial free energies of the catalytic droplets 41 . For the growth of III-V NWQDs on silicon, the requirement of self-catalyzed NWQDs introduces further challenges to obtain high material quality, because the catalyst droplets are directly involved in the nanowire growth. Compared with Au-seeded VLS growth, droplets in self-catalyzed VLS growth can undergo distinct changes of size and volume while varying growth conditions. Lastly, VLS nanowires can have a large number of stacking faults, micro twins, and phase polytypism, which are often observed at the nanowire heterojunction 42, 43 . These defects are charge traps and detrimental to the optical and electronic properties of nanowires and NWQDs. Despite the worldwide efforts devoted to this field and striking development during the last few years, there is no report on defect-free NWQDs with sharp interfaces and high phase purity in the literature. Recently, abrupt interfaces have been reported in nanowire heterojunctions, and yet the quality is undermined by the use of gold nanoparticles and the presence of defects such as micro twins and phase polytypism 34, 44, 45 .
In this paper, regardless of the abovementioned challenges, we report pure zinc-blende GaAs/GaAsP NWQDs fabricated monolithically on silicon substrates by the self-catalyzed VLS method. In addition, an abrupt interface is observed in the nanowire heterojunction that consists of both binary and ternary compounds, which enable a large degree of flexibility in NWQD design and growth. Despite the temporal interruptions during the nanowire growth when switching between binary and ternary materials, the NWQDs show a sharp interface as well as a perfect crystal structure free of any type of defects. Moreover, NWQDs are optically active with narrow excitonic emission spectra, even without surface passivation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 GaAsP nanowires and GaAs/GaAsP NWQDs were grown on epi-ready Si(111) substrates covered by a thin layer of native oxide. The VLS growth conditions for GaAsP nanowires and GaAs/GaAsP NWQDs were identical except for the GaAs QD region, i.e., the short GaAs segment between GaAsP nanowires as illustrated in Fig. 1a . The Ga-assisted VLS growth of GaAsP nanowires was adopted from earlier work on self-catalyzed GaAsP nanowires 46, 47 . For the growth of GaAs QDs, the supply of phosphor was switched off with no growth interrupt in order to avoid any instability of the seed droplets. To compensate the reduced supply of phosphor after switching off, the As beam equivalent pressure (BEP) was increased during the growth of GaAs QDs. After finishing growth of GaAs QDs, the BEPs of As and P molecular beams were switched back to the initial conditions without any interrupt. To evaluate the material composition and interface of single GaAs/GaAsP NWQD, energy-dispersive X-ray (EDX) analysis is used. The data is presented in Fig. 2 . It is clearly shown from the low magnification TEM in Fig. 2a that no kinking or distortion of the nanowire is present in the QD region, indicating that inserting a GaAs segment has no significant impact on the stability of the Ga droplets. This is in agreement with the observation of straight NWs from the SEM results in Figure 1 . Figure 2b shows the elemental mapping from EDX of a single GaAsP nanowire with a GaAs QD, which distinguishes the two different regions: GaAsP nanowire and GaAs QD. The EDX mapping contrast shows a P-deficient region about 10 nm in height, which corresponds to the GaAs QD formed in the GaAsP nanowire. The formation of GaAs/GaAsP NWQDs is confirmed by the EDX line scan in Fig. 2c . The atomic percentage profile demonstrates a QD region with higher content of As of 50% and negligible P in contrast with the rest of the GaAsP nanowire. The presence of a minute amount of P in the QD is due to the small P background pressure in the MBE growth chamber. Figure 3a shows a high-resolution angular dark field (ADF) TEM image of the GaAs/GaAsP NWQD. Both GaAs QD and the surrounding GaAsP wire are pure zinc-blende Figure 3b shows the fast Fourier transform of the high resolution TEM image of Fig. 3a , which confirms again the pure zinc-blende crystal structure and the absence of defects. Two issues determine the quality of the ternary NW heterojunction growth. Firstly, direct removal of the P beam flux will result in changes to transient supersaturation conditions and interface energetics of droplets, which are responsible for the formation of stacking faults, twin planes, and kinking at the interfaces 21, 48 .
Secondly, a direct substitution of the reduced P supply with additional As flux of similar BEP can also change the growth landscapes at the interfaces because of the differences in liquid supersaturation free energies, diffusion lengths, incorporation rates, etc. between the two species, P and As 46, 47 . Particularly, for the self-catalyzed growth mode, the interfacial energetics and droplet supersaturation are vulnerable to minor changes in growth conditions. Any deformation of the droplets can shift the triple phase line, which plays a key role in the phase purity of crystal nucleation 49 . By taking into consideration the combined effects, the effective V/III ratio has been optimized by increasing the As BEP by an amount equal to a few times more than the amount of P BEP removed during the NWQD growth. In such a way, the interface energetics and droplet supersaturation have been maintained throughout the NWQD growth and we have achieved defect-free GaAsP nanowires with axially embedded QDs similar to QD-free GaAsP nanowires.
Only a few defects are scattered at the bottom and tip of the nanowires due to temporal deviation from the optimized growth conditions (Fig. S2) . Otherwise, the nanowire is free of any defects and uniform across the entire length of the nanowire, indicating well-balanced V/III and P/As ratios during the growth (Fig. S2 and Fig. S3 ).
The two interfaces of the NWQDs at the GaAs and GaAsP boundaries were investigated by high magnification ADF TEM. The images are shown in Fig. 3c and Fig. 3d (false color). The area containing the QD has a higher intensity than the surrounding NW. This is attributed to a higher concentration of heavier elements (As vs. P) in the GaAs QD than in the GaAsP surroundings. As shown in Fig. 3c and d, the transition from GaAsP to GaAs is completed within a few monolayers and vice versa, in agreement with the EDX measurement of Fig.3a . In Auassisted GaAs/GaAsP and InAsP/InP interfaces, As carryover can lead to a gradual change in As content and thus non-sharp interfaces 14, 29 . In Ref. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 significant during the As to AsP flux transition because the higher incorporation rate of P ensures a higher tolerance to excess As flux, fast recovery of the GaAsP growth condition, and thus the sharp top interface. (Fig. S4) . The broad emission peak (FWHM~53 meV) indicates a large distribution (size, composition) of the GaAsP nanowires due to random nucleation of the self-catalyzed ternary nanowires. Various types of surface states and defects may also be attributed to the broad emission because no passivation layer is applied on the nanowires 50 .
For the NWQD sample, (Fig. 4b) , at low excitation power a narrower (~34 meV vs ~53 meV) linewidth peak is observed at 1.57 eV. This is between the bandgaps of GaAs 0.98 P 0.02 and GaAs 0.8 P 0.2 , and is consistent with emission from the ground-state of a GaAs quantum dot. In addition, the narrower linewidth is consistent with quantum dots, whose energies are more tolerant to composition variation. A distinct blue-shift is observed with increasing excitation power. A similar PL blue shift has been observed in zinc-blend/wurtzite phase superlattices 51 .
However, mixed crystal phase has not been observed in our NWQDs. Therefore, we attribute the blue-shift to state-filling of the quantum dot excited states, that are unresolved due to inhomogeneous broadening of NWQDs with different sizes and compositions. At the highest excitation power, the PL spectrum again shows a peak at ~1.75eV due to the recombination in the GaAsP region of the GaAsP/GaAs NWQDs. It should be noted that a broad shoulder appears around 1.6-1.68 eV in the PL spectrum of GaAsP nanowire sample. This is likely due to the surface effects of the unpassivated nanowires. In addition, as shown in Fig. S5 and Table S1 , the clusters formed from the parasitic two-dimensional growth show large composition variation and a large number of defects, which could result in the observation of the below-bandgap shoulder in the PL spectra. To gain further insight into the electronic structure and surface effects of the nanowires, temperature dependent PL are taken, see Fig. S6 and Table S2 . Figure 4c plots the integrated PL intensity for the GaAsP nanowires (blue circles) and GaAs/GaAsP NWQDs (red circles). The PL quenching is characterized by two activation energies, E a1 and E a2 . For GaAsP nanowires, E a1 = 1.9 ± 1.3 meV, is attributed to thermal-excitation of photo-carriers from weakly localised states caused by composition fluctuation. The E a1 value of the GaAs/GaAsP NWQDs, 14.3 ± 0.4 meV, is similar to the value obtained from unpassivated GaAs nanowires and is associated with the GaAs surface states 52 . By comparison, for the GaAsP NW sample, E a2 = 27.3 ± 8.1 meV, is also attributed to surface non-radiative recombination, but is higher due to the reduced surface recombination velocity of GaAsP in comparison with GaAs. The high temperature PL quenching of GaAs/GaAsP NWQDs yields an activation energy of E a2 = 73.4 ± 5.3 meV. This can be attributed to thermal excitation of photo-carriers from the GaAs QDs into the GaAsP barriers.
This suggests that the GaAsP barriers provide a sufficient confinement potential but the surface states of the GaAs limits the optical properties of the nanowires.
The optical properties of individual GaAsP NWs and GaAs/GaAsP NWQDs were further characterized by micro-PL (µ-PL) spectroscopy at 5 K. The laser spot diameter is about 1.8 µm and excitation power is varied from about 2.5 nW up to 1800 nW (power density from 40 to 1.8×10 4 mW/cm 2 ). The PL spectra of a representative single GaAsP NW are shown in Fig. 5a . No band edge emission is observed from GaAsP nanowires (about 1.76 eV at 5 K for 20% P).
However, well-resolved emission peaks are present below the GaAsP bandgap. These rather broad emission peaks can be found in an energy range from 1.62 eV to 1.66 eV for different nanowires. In addition to the different emission positions, there is also large variation between wires in the spectral shape and line width. As shown in Fig. S7 , the full width at half maximum (FWHM) of a single nanowire can be as broad as ~20 meV but some wires have a relatively sharp line with FWHM of ~1-2 meV. The broad emission peaks can be observed in a wide range of excitation as well as at higher temperatures (Fig. 5b) . These broad peaks match well the shoulder observed in the PL spectra from the ensemble of nanowires at 77 K, and thus the broad emission peaks are attributed to the surface states. In contrast, the sharp peaks disappear at high excitation power leaving only the broad peaks. This suggests that the narrow emission peaks originate from localized states. At high excitation power, the localized states are filled and emission only takes place through the surface states. This is also in agreement with the temperature-dependent measurement, showing that the narrow PL peaks quench rapidly with increasing temperature (Fig. 5b) . Although the nanowires show high crystal quality and uniform composition distribution in nearly the entire wire, the bottom and tip of the nanowires both have a high density of stacking faults and larger composition variation, which may be responsible for the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 localized states (Fig. S2 ). In addition, the parasitic clusters formed near the nanowires cannot be ruled out for the narrow emission peaks observed in the single nanowire measurements. Fig. 5c shows the emission spectrum measured from a single GaAs/GaAsP NWQD. The NWQD shows sharp single exciton peak (and possible biexciton as well) at ~1.66 eV. Although no shell or passivation layer have been grown over the NWQDs, the emission line width is measured as narrow as 130 µeV at 5 K, approaching the equipment resolution limit. This value is comparable to best reported values of the Au-seeded NWQDs with protection shells 20, 30 . Most of the NWQDs show narrow emission peaks with FWHM about 0.5 meV, where the nearby surface states may be the major reason for the inhomogeneous broadening (Fig. S8) . The charged surface states of the unpassivated nanowires can cause spectral diffusion and enhance the emission line width 53 . For example, the surface oxide can have a significant impact on the QD emission (Fig.   S9 ). The observation of some of the slightly broader peaks can also be due to unresolved additional peaks from neighboring nanowires (Fig. S8 and Fig. S10 ).
For all of the GaAs/GaAsP NWQDs measured, at low excitation powers, the emission is dominated by bright narrow lines with peak emission counts over 10kcps, which is bright compared with S-K QDs measured in the same setup. This indicates good radiative efficiency of the NWQDs, and that the GaAs/GaAsP QD is consistently the lowest energy state of the NWQD system. By contrast, at low powers there is a large variation in the spectra of GaAsP NWs. Most have broad spectra. On occasion, the GaAsP NWs exhibit relatively narrow ~2 meV lines (Fig.   S7 ), but where the emission is dominated by additional broad spectral features, and quenched at high powers. This implies low radiative efficiency, consistent with localized surface states. In a small number of GaAsP NWs, a single line of similar linewidth to the GaAs/GaAsP NWQD is observed. However, in sharp contrast to broad and low emission efficiency of the GaAsP nanowires, in GaAs/GaAsP NWQD, the emission is mostly into the narrow lines. At high excitation powers, the NWQD shows a rich spectrum with additional sharp emission features 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 In conclusion, we demonstrate that defect-free NWQDs can be obtained by using the selfcatalyzed VLS growth method. The self-catalyzed NWQDs minimize the incorporation of contaminants, such as foreign metals, and show promises for quantum devices requiring high 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 material quality, such as single photon emitters. Without any surface protection layer, an exciton emission line width as narrow as 130 µeV has been achieved in this paper. Therefore, these
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